Background: Intrinsically disordered neuropeptide hormones are synthesized as larger precursors with an ␣-helical prodomain.
Different neuropeptide hormones, which are either too small to adopt a stable conformation or are predicted to be intrinsically disordered, are synthesized as larger precursors containing a prodomain in addition to an N-terminal signal peptide. We analyzed the biogenesis of three unstructured neuropeptide hormones and observed that translocation of these precursors into the lumen of the endoplasmic reticulum (ER) is critically dependent on the presence of the prodomain. The hormone domains could be deleted from the precursors without interfering with ER import and secretion, whereas constructs lacking the prodomain remained in the cytosol. Domain-swapping experiments revealed that the activity of the prodomains to promote productive ER import resides in their ability to adopt an ␣-helical structure. Removal of the prodomain from the precursor did not interfere with co-translational targeting of the nascent chain to the Sec61 translocon but with its subsequent productive translocation into the ER lumen. Our study reveals a novel function of prodomains to enable import of small or intrinsically disordered secretory proteins into the ER based on their ability to adopt an ␣-helical conformation.
A major fraction of secretory proteins is targeted to the ER 4 via N-terminal signal peptides, which mediate transport of the nascent chain to the Sec61 translocon and initiate translocation into the ER lumen (for reviews, see Refs. [1] [2] [3] [4] [5] [6] [7] [8] . Non-secretory proteins can be targeted to the ER by fusing ER signal peptides to their N termini, revealing that the sorting information is encoded in the signal peptide, whereas the remaining part of the protein seems not to significantly regulate this pathway. Interestingly, an exceptionally diverse set of signal peptide sequences can target proteins for ER import. The physiological relevance of this diversity is not fully understood; however, it has been demonstrated that the translocation efficiency can be modulated in a signal peptide sequence-specific manner (for reviews, see Refs. 9 -12) . Context-specific regulation of protein translocation might enable the cell to prevent an overload of protein folding and quality control pathways in the ER lumen (13) (14) (15) . In addition, it might be implicated in dual targeting of secretory proteins to other cellular compartments to expand their physiological function (16, 17) .
In previous work using pathogenic prion protein mutants and model substrates, we identified an additional element to regulate translocation efficiency: the secondary structure of the nascent chain (18, 19) . Specifically, we found that intrinsically disordered proteins (IDPs) equipped with an N-terminal ER signal peptide are not efficiently translocated into the ER. ER import of these proteins could be restored by fusing ␣-helical domains to the IDPs (19) . In this context, it is important to note that the nascent chain can adopt a stable secondary structure already in the ribosomal exit tunnel (20 -25) . Furthermore, it has been shown previously that polypeptide structure within the ribosomal exit tunnel can modulate translocation of distal parts of the nascent chain (26) .
The absence of a stable secondary structure does not necessarily imply a non-functional state of a protein. Instead, it became evident that IDPs and intrinsically disordered domains (IDDs) exert defined physiological activities and play a major role in several protein classes, including transcription factors, scaffold proteins, and signaling molecules (for reviews, see Refs. [27] [28] [29] [30] [31] [32] . In this study, we analyzed the biogenesis of three neuropeptide hormones that are predicted to be intrinsically disordered. Interestingly, these neuropeptide hormones are synthesized as larger precursors containing a prodomain in addition to an N-terminal ER signal peptide. Our analysis revealed that the prodomains have a vital function in hormone biogenesis by promoting import of the precursor into the ER lumen. This activity is linked to the propensity of the prodomain to adopt an ␣-helical structure.
EXPERIMENTAL PROCEDURES
Plasmid Constructions-The full-length cDNA clones of human somatostatin (Som) (GenBank TM accession number BC032625), human thyrotropin-releasing hormone (TRH) (GenBank accession number BC074889), and human gonadotropin-releasing hormone (GnRH) (GenBank accession number BC126463) were ordered from Imagenes. All mutants used in this study were generated by standard PCR cloning techniques. GnRH⌬pro and GnRH⌬hor were created by deletion of amino acids (aa) 37-92 or aa 24 -33, respectively. Somatostatin lacking the prodomain was generated by deletion of aa 25-88. In the case of somatostatin lacking the hormone domain, aa 89 -116 were deleted. Som⌬pro3helix-syn was created by an exchange of aa 25-88 for a synthetic peptide consisting of 10 EAAAK repeats that form a standard ␣-helix (25) . In the case of Som⌬pro-helix-PrP and Som⌬pro-IDD-Sho, aa 130 -230 of the mouse prion protein (PrP; NCBI Reference Sequence NP_035300.1) or aa 25-124 of human shadoo (Sho; NCBI Reference Sequence NP_001012526.2) were fused to Som⌬pro. TRH⌬pro and TRH⌬hor were generated by deletion of aa 26 -62 or deletion of aa 63-99, respectively. In the case of TRH⌬pro3proSom and TRH⌬pro3helix-PrP, aa 26 -62 were replaced by the prodomain (aa 25-88) of somatostatin or aa 173-219 of mouse PrP, respectively. For TRH⌬pro3helix-PrP, amino acid Asn at position 196 of the PrP domain was replaced by Gln to delete the second glycosylation site. TRH⌬pro3 IDD-PrP was created by substituting aa 26 -62 of TRH with the defined unstructured domain of mouse PrP (aa . In this construct, the amino acids Trp and Asn at positions 31/32 were replaced by Asn and Phe to generate a glycosylation acceptor site (NFT). GnRH⌬pro3helix-PrP aa 37-92 of GnRH were replaced by aa 173-219 of mouse PrP. GnRH⌬pro3 IDD-Sho was generated by an exchange of aa 37-92 of GnRH for aa 69 -124 of human Sho. ⌬SP mutants were generated by deleting the ER signal peptide except for the first methionine of the respective protein. For detection, all constructs were equipped with a V5 tag (5Ј-ggt aaa ccg ata ccg aac cct ctg ctc ggt ctg gat agc acg-3Ј) at the C-terminal end. All constructs were inserted into the pcDNA3.1/Zeo(ϩ) vector for mammalian expression.
Cell Culture, Transfection, and Secretion Analysis-Mouse N2a (ATCC number Ccl 131) cells were cultivated in modified Eagle's medium (Invitrogen) containing 10% fetal calf serum, 100 units/ml penicillin, 100 g/ml streptomycin (PAA Laboratories) and 2 mM L-glutamine (PAA Laboratories). Cells were transfected 24 h after plating by a liposome-mediated method using Lipofectamine with PLUS Reagent (Invitrogen) according to the manufacturer's instructions. To examine secretion of proteins into the cell culture supernatant, cells were cultivated in cell culture medium without supplements for 3 h at 37°C. The medium was collected, and proteins were precipitated with TCA and analyzed by Western blotting.
Cell Lysis and Western Blot Analysis-Cells were rinsed twice with ice-cold PBS, scraped off the plate, pelleted by centrifugation, and lysed in cold detergent buffer (0.5% Triton X-100, 0.5% sodium deoxycholate in PBS) supplemented with proteinase inhibitor (1:500; Roche Applied Science). Lysates were incubated on ice for 20 min before addition of Laemmli sample buffer with ␤-mercaptoethanol (140 mM). Protein concentrations in the cell lysates were determined with a Bio-Rad protein assay. Following SDS-PAGE, proteins were transferred to nitrocellulose, and membranes were blocked by incubation in PBS-T (PBS with 0.1% Tween 20) containing 5% dry milk for 1 h at room temperature and incubated with mouse monoclonal anti-V5 antibody (Invitrogen) in PBS-T overnight at 4°C. After washing with PBS-T, blots were incubated with horseradish peroxidase-conjugated anti-IgG antibody in PBS-T for 1 h at room temperature and finally washed with PBS-T. Protein signals were visualized using Amersham Biosciences ECL Western blotting detection reagent (GE Healthcare) and Fuji film (Super RX). Signals were quantified using Image Quant TL software.
Metabolic Labeling and Immunoprecipitation-Transfected cells were starved for 30 min in methionine-free modified Eagle's medium (Invitrogen) and subsequently pulse-labeled for 15 min with 300 Ci/ml L-[
35 S]methionine (Hartmann Analytics; Ͼ37 TBq/mmol) in methionine-free modified Eagle's medium. After labeling, the cells were washed twice and either harvested immediately (pulse) or after a further incubation in complete medium for 1 h (chase). Cells were harvested and lysed as described under "Cell Lysis and Western Blot Analysis," and transfected constructs in the lysate or medium fraction were immunoprecipitated using the mouse monoclonal anti-V5 antibody (Invitrogen). Immunopellets were analyzed by SDS-PAGE and autoradiography.
Cell-free Translation and Proteinase K Protection Assay-In vitro transcription and translation was performed using the TNT T7 Quick Coupled Transcription/Translation System (Promega), 0.2 g of plasmid DNA as a template, and L-[
35 S]methionine (Hartmann Analytics; Ͼ37 TBq/mmol) according to the manufacturer's instructions in the presence or absence of canine pancreatic microsomal membranes (Promega). Following translation, samples were centrifuged for 10 min at 18,000 ϫ g. Pellet fractions were resuspended in microsomal resuspension buffer (0.1 M KOAc, 50 mM Hepes, 5 mM MgOAc, and 0.25 M sucrose) and analyzed by SDS-PAGE and autoradiography. If indicated, proteinase K (0.5 mg/ml; Roche Applied Science) was added to the microsomal resuspension buffer, and samples were incubated for 30 min on ice. Proteinase K digestion was stopped by the addition of 3 mM PMSF (Sigma). All samples were analyzed by SDS-PAGE and autoradiography. Signals were quantified using a phosphorimaging system (Typhoon) and the quantification software Image Quant TL.
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In Vitro Targeting Assay-Truncated constructs lacking a stop codon were generated by PCR with full-length or mutant cDNA as template and extended primers. The 5Ј-primer added a T7 site followed by a high initiation efficiency 5Ј-untranslated region and an optimized AUG context (5Ј-taa tac gac tca cta tag gg acc aaa caa aac aaa taa aac aaa gcc acc atg-3Ј) as described previously (33) . The 3Ј-primer determined the length of the particular nascent chain. In vitro transcription was performed using the AmpliScribe T7 High Yield Transcription kit. After transcription, mRNA was purified using the RNeasy Mini kit (Qiagen). In vitro translation and targeting of truncated mRNA were carried out using a rabbit reticulocyte lysate system, canine pancreatic microsomal membranes (RM; Promega), and L-[ S]methionine (Hartmann Analytics; Ͼ37 TBq/mmol) as described (34) . For each 25-l translation reaction, 1 g of RNA was added. Truncated constructs were translated for 30 min at 32°C (TRH) or 20 min at 26°C (Som). For targeting analysis, translation reactions containing RM were centrifuged for 3 min at 46,000 rpm and 4°C in a TLA55 rotor over a 50-l sucrose cushion of 0.5 M sucrose, 0.1 mM KOAc, 50 mM Hepes, pH 7.4, and 5 mM MgOAc. Sedimented RM were washed by adding 50 l of sucrose cushion and repeating the centrifugation step. Targeted nascent chains were resuspended in microsomal resuspension buffer and analyzed by SDS-PAGE and autoradiography. For all experiments, translation reactions without RM were used as internal sedimentation controls and treated equally as samples containing RM. As quantification controls, polysomes were sedimented for 30 min at 46,000 rpm and 4°C over a 100-l sucrose cushion (total). Signals were visualized by autoradiography. For quantification, signals were visualized using a phosphorimaging system (Typhoon) and quantified using the quantification software Image Quant TL.
Recombinant Protein Expression, Purification, and Circular Dichroism (CD) Analysis-cDNA encoding amino acid residues 25-88 of the human somatostatin protein were inserted into a pTXB1 vector (New England Biolabs) modified with a His 6 tag introduced into the AgeI site and expressed in Escherichia coli Bl21(DE3) cells (Stratagene) by induction with 1 mM isopropyl 1-thio-␤-D-galactopyranoside at an A 600 of 0.6 for 3 h. Following induction, cells were lysed by sonification in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, lysozyme (1 mg/ml), and 5 g/ml DNase, pH 8.0) supplemented with proteinase inhibitor (1:500; Roche Applied Science). The lysate was cleared by centrifugation, subjected to Ni 2ϩ affinity beads (Qiagen), and agitated overnight at 4°C. Washing and elution steps were performed on a column according to the manufacturer's instructions. The eluted protein fraction was equilibrated with cleavage buffer (20 mM Tris/HCl, pH 8.0, 50 mM NaCl, and 0.1 mM EDTA) using a Vivaspin 6 Centricon (Amicon; 5-kDa cutoff). The intein tag cleavage reaction was performed overnight at room temperature by addition of 30 mM DTT. The cleaved protein fraction was precipitated with ammonium sulfate for 1 h on ice, sedimented by centrifugation in a Ti50 rotor for 30 min at 31,100 rpm and 4°C, and resuspended in NPI buffer (50 mM NaH 2 PO 4 and 300 mM NaCl, pH 8.0) supplemented with 5% glycerol. In the next step, the protein sample was again subjected to Ni 2ϩ affinity chromatography to clear the cleaved prodomain from the remaining intein tag. The binding step of protein to nickel-nitrilotriacetic acid (Ni-NTA) beads was conducted for 20 min at 4°C. The flowthrough was collected, concentrated, and equilibrated in NPI buffer without glycerol. The sample was again precipitated with ammonium sulfate for 1 h on ice. After centrifugation in a Ti50 rotor for 30 min at 31,100 rpm and 4°C the pellet was resuspended in CD buffer (20 mM NaPO 4 , pH 7.2 and 100 mM KCl) containing 5% glycerol. Protein fractions were analyzed by SDS-PAGE and Coomassie Blue staining. The purified protein band was excised from the gel and verified by mass spectrometry using Sequest. Far-UV circular dichroism spectra of the recombinant somatostatin prodomain (125 g/ml) in CD buffer containing 5% glycerol were recorded in 50% trifluoroethanol as solvent that approximates the hydrophobic surroundings of the protein interior of the isolated peptide (35) . Data were collected at 26°C using a Jasco J-810 spectropolarimeter. The spectrum was obtained using a 2-mm path length, and data were collected at 1-nm intervals from 260 to 190 nm.
Digitonin Solubilization Assay-Digitonin was used to selectively permeabilize the plasma membrane of cells, leaving the organelle membranes intact (37) . Transiently transfected N2a cells were rinsed twice with ice-cold PBS, scraped off the plate, and pelleted by centrifugation. The cells were resuspended in transport buffer (20 mM Hepes, pH 7.4, 110 mM KOAc, 2 mM Mg(OAc) 2 , and 0.5 mM EGTA) supplemented with proteinase inhibitor (1:500; Roche Applied Science), and the plasma membrane was permeabilized by adding 0.004% digitonin for 5 min on ice. After permeabilization, samples were centrifuged at 100,000 ϫ g for 30 min. Following centrifugation, the supernatant (cytosolic) and pellet (membrane) fraction were harvested. The pellet was resuspended in PBS containing 0.5% Tx/DOC (0.5% Triton X-100 and 0.5% sodium deoxycholate in PBS) and proteinase inhibitor (1:500). For total lysates as control, cells were lysed in PBS containing 0.5% Tx/DOC supplemented with proteinase inhibitor (1:500). Equal volumes of the supernatant, pellet, and total lysate fraction were analyzed by SDS-PAGE and immunoblotting using the mouse monoclonal anti-V5 antibody (Invitrogen).
Immunofluorescence Analysis-Transiently transfected cells were grown on glass coverslips. To analyze mitochondrial morphology and function, cells were incubated with MitoTracker Red CMXRos (50 nM) 30 min prior to fixation. 24 h after transfection, cells were fixed with 3.7% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 10 min, washed with PBS, blocked with PBS containing 1% BSA for 1 h at room temperature, incubated with primary antibody in PBS containing 1% BSA for 1 h at 37°C, washed again with PBS, and incubated with a fluorescently labeled secondary Alexa Fluor antibody in PBS containing 1% BSA for 30 min at 37°C. Cells were mounted onto glass slides and examined by fluorescence microscopy using a Zeiss Axiovert 200M microscope.
Bioinformatics Analysis-For the prediction of disordered secretory proteins, SignalP 3.0 was used as a classifier for the prediction of signal peptides in proteins (38) . SignalP 3.0 was designed by two different methods, namely hidden Markov models and neural networks. In our analysis, we considered the presence of a signal peptide in a protein if both methods predicted a signal peptide. Mostly disordered proteins (Ͼ70% of ␣-Helical Domains Promote ER Import MAY 17, 2013 • VOLUME 288 • NUMBER 20
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the amino acid sequence) were identified by the disorder prediction program POODLE-W (39), IUPred (40) , and RONN 3.1 (41) . In total, 20,331 human protein sequences listed in the Swiss-Prot database (release August 2009) were analyzed. Secondary structure prediction of the prodomains was performed using the prediction servers JPred 3 (42) and PSIPRED (43) .
Statistical Analysis-Quantifications were based on at least three independent experiments. Data are shown as means Ϯ S.E. Statistical analysis was performed using Student's t test. p values are as follows: *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005.
RESULTS
Intrinsically Disordered Proteins Are Underrepresented in the
Secretome-Previous studies on the biogenesis of pathogenic mutants of the prion protein and model substrates revealed that IDPs equipped with an N-terminal signal peptide are inefficiently imported into the ER (18, 19, 44) . Based on these findings, we performed an in silico screen for the identification of secretory proteins that are dominated by intrinsically disordered domains (Ͼ70% of the amino acid sequence). First, we determined the fraction of IDPs in the total human proteome. Of the 20,331 proteins listed in the Swiss-Prot database (August 2009), 31% were predicted to be mostly disordered (POODLE-W), corroborating previously published data (39, (45) (46) (47) . Next, we used SignalP 3.0 as a classifier for the prediction of signal peptides in proteins (38) . Interestingly, only 10% of the proteins containing an N-terminal ER signal peptide were predicted to be mostly disordered. Using other algorithms for the identification of disordered proteins, for example IUPred and RONN, a similar trend was observed. Based on these analyses, we concluded that IDPs are significantly less abundant in the secretome than in the total proteome (Fig. 1A) .
Intrinsically Disordered Neuropeptide Hormones Contain an ␣-Helical Prodomain-When performing the screen described above, we noticed that the mature forms of several neuropeptide hormones are either too small to adopt a stable conformation or are predicted to be intrinsically disordered. Among this class of neuropeptide hormones, we identified TRH, Som, and A, intrinsically disordered proteins are underrepresented in the secretome. POODLE-W was used to predict mostly disordered proteins (Ͼ70% of the amino acid sequence) in the human proteome. Whereas disordered proteins account for 30% of the total proteome, only 10% of disordered proteins were predicted to contain an ER signal peptide (secretome) using the signal peptide prediction server SignalP 3.0. B, intrinsically disordered neuropeptide hormones are synthesized as larger precursors with ␣-helical prodomains. Shown is a schematic representation of the neuropeptide hormones analyzed in this study. The precursors contain an N-terminal ER signal peptide (SP), a prodomain (pro), and the hormone domain (hor). In the case of TRH, the hormone domain is further processed to generate five biologically active TRH peptides (arrows). Secondary structure prediction of preprohormones was performed using the prediction server JPred. ␣-Helical structure is indicated by helices; intrinsic disorder is indicated by a straight line. C, the prodomain of Som has the intrinsic ability to form an ␣-helical structure. The isolated proSom was expressed as an intein fusion protein in E. coli. The recombinant protein was purified using Ni-NTA-agarose beads. The intein tag of the purified protein was cleaved by incubation with DTT for 16 h and subsequently loaded onto a Ni-NTA column (left panel, load). By collecting the flow-through (FT), the somatostatin prodomain was purified from the His tag-containing intein tag bound to the Ni-NTA column. Protein samples were analyzed by SDS-PAGE and Coomassie Blue staining (left panel). The secondary structure of the purified prodomain of somatostatin was analyzed by CD (right panel). The spectral trace is consistent with an ␣-helical conformation. x axis, wavelength in nanometer (nm); y axis, ellipticity in millidegrees (mdeg).
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GnRH (Fig. 1B) . Interestingly, these neuropeptide hormones are synthesized as larger precursors (preproproteins) with a prodomain in addition to the N-terminal ER signal peptide. Similarly to the signal peptide, which is removed during translocation into the ER lumen by the signal peptidase, the prodomain is not part of the mature hormone. Processing of the propeptide is mediated by specific protein convertases mainly in the trans-Golgi network or secretory granules (48 -50) . A computational approach using two different prediction methods indicated that the prodomains of the intrinsically disordered neuropeptide hormones listed above have the propensity to adopt an ␣-helical conformation (Fig. 1B) . To provide experimental evidence for this prediction, we cloned the isolated prodomain of Som (proSom; aa 25-88) lacking the ER signal peptide into a bacterial expression vector. Because we could not efficiently express the isolated prodomain in E. coli, we fused the prodomain to a C-terminal precursor consisting of an intein tag followed by a His tag and a chitin-binding domain. The fusion protein was purified from bacterial lysates by Ni 2ϩ affinity chromatography under native conditions, and selfcleavage of the intein tag was induced by DTT to release the target protein from the intein tag. Analysis by CD spectroscopy indicated that the isolated prodomain has the propensity to adopt an ␣-helical conformation (Fig. 1C) . Notably, it was shown previously that the isolated prodomain of GnRH also shows significant ␣-helical propensity in circular dichroism spectra (51) .
Deletion of the Prodomain Interferes with Secretion of the Hormone-To study a possible role of the prodomains in the biogenesis of the mature hormones, we cloned wild type TRH, Som, and GnRH and deletion mutants thereof lacking either the prodomain (⌬pro) or the hormone domain (⌬hor). All mutants contained the authentic N-terminal signal peptide of the respective hormone (Fig. 2, A, B, and C) . Please note that there are no significant sequence homologies between either the different prodomains or the hormone domains. To monitor secretion in transiently transfected N2a cells, conditioned medium was analyzed by metabolic labeling and Western blotting. All wild type constructs were secreted as unprocessed propeptides because N2a cells do not express the protein convertases required for processing of the prodomain. Similarly, the TRH, Som, and GnRH mutants lacking the hormone domains (⌬hor) were secreted (Fig. 2, A, B, and C) . However, secretion of mutants lacking the prodomain was significantly impaired or not detectable. Conditioned medium contained significantly reduced levels of TRH⌬pro when compared with TRH or TRH⌬hor ( Fig. 2A) , whereas the mutants lacking the prodomains were not detectable in conditioned medium of Som⌬pro-or GnRH⌬pro-expressing cells (Fig. 2, B and C) . TRH⌬pro and Som⌬pro were present in total cell lysates, indicating that the impaired secretion was not due to an impaired protein synthesis. GnRH⌬pro could not be detected in total cell lysates or under conditions of proteasomal inhibition (data not shown).
In sum, these experiments revealed that deletion of the prodomain significantly impairs or prevents secretion of peptide hormones. In contrast, the respective prodomains could be expressed and were secreted in the absence of the hormone domain.
Heterologous ␣-Helical Domains Restore Secretion of Mutants Devoid of the Prodomain-It was shown previously that impaired ER import of IDDs could be restored by ␣-helical domains (18, 19) . To address the possibility that the activity to promote secretion of the hormone domains does not reside in the amino acid sequence of the prodomains but rather in their ability to adopt an ␣-helical conformation, we performed domain-swapping experiments. The prodomains of TRH, Som, and GnRH were exchanged by heterologous domains of known secondary structure. As examples for ␣-helical domains, we used (i) the prodomain of Som (aa 25-88), (ii) the C-terminal domain of the prion protein (aa 173-219 or aa 130 -230) (52) (53) (54) , and (iii) a synthetically designed ␣-helix (25) . To test the effect of intrinsically disordered domains, we used part of the N-terminal domain of the prion protein (aa 23-115) (52) or shadoo (aa 25-125) (55, 56) . N2a cells were transiently transfected with the different constructs, and conditioned medium was analyzed by Western blotting. This approach revealed that irrespective of the amino acid sequence heterologous domains promoted secretion of the hormone domain provided that they can adopt an ␣-helical structure. In contrast, when the prodomain was replaced by an intrinsically disordered domain, the respective TRH, Som, and GnRH constructs were not secreted. Notably, the intrinsically disordered proteins were detectable in cell lysates, indicating that lack of secretion was not due to impaired protein synthesis (Fig. 3, A, B, and C) . This analysis supports the concept that efficient secretion of the hormone precursors is dependent on the ability of the prodomain to adopt an ␣-helical conformation and is not linked to a specific amino acid sequence.
The Prodomain Promotes Productive Translocation of the Precursor into the ER Lumen-Next, we sought to investigate which step in the biogenesis is dependent on the ␣-helical prodomains. Because TRH⌬pro and Som⌬pro are detectable by Western blotting in cell lysates (Fig. 2, A and B) , we analyzed whether targeting of these mutants to the ER membrane/Sec61 translocon is impaired. Co-translational targeting to the ER membrane was investigated in vitro. Stalled ribosome-nascent chain complexes were generated by translating truncated mRNAs lacking a stop codon in reticulocyte lysate supplemented with [ 35 S]methionine. After synthesis in the presence of canine pancreatic microsomal membranes, ribosomenascent chain complexes bound to ER membranes were separated from untargeted nascent chains by sedimentation. The percentage of nascent chains recovered in this way was quantified by SDS-PAGE and autoradiography. To analyze whether structural features of the nascent chain modulate this step, we compared co-translational targeting of TRH⌬hor with that of TRH⌬pro and Som⌬hor with that of Som⌬pro. As a negative control, we included constructs lacking the N-terminal signal peptide (⌬SP). This comparative analysis (Fig. 4, A and B) revealed that intrinsically disordered nascent chains (TRH⌬pro and Som⌬pro) were as efficiently targeted to ER membranes as nascent chains composed of an ␣-helix (TRH⌬hor and Som⌬hor). Thus, the structure of the nascent chain does not seem to regulate co-translational targeting of ribosome-␣-Helical Domains Promote ER Import MAY 17, 2013 • VOLUME 288 • NUMBER 20
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To analyze translocation of the polypeptide chains into the ER lumen, we used two different approaches. First, we studied ER import in vitro. Similarly to the approach described above, the proteins were synthesized in reticulocyte lysate in the presence of canine pancreatic microsomal membranes. Import efficiency was measured by treating the samples with proteases that degrade all proteins that have not been imported. The proteins were then analyzed by SDS-PAGE and phosphorimaging to quantify the fraction of proteins that resisted proteolytic digestion, i.e. have been imported into the ER vesicles. Another marker for ER import is the appearance of a second, faster migrating band on SDS-PAGE that is indicative of cleavage of the ER signal peptide. This approach revealed clear differences between Som⌬pro and Som⌬hor. In the presence of microsomes Som⌬hor became resistant to proteolytic digestion, whereas Som⌬pro was degraded under these conditions. In addition, cleavage of the signal peptide was only observed for wild type Som and Som⌬hor but not for Som⌬pro (Fig. 4C) .
In a second approach, we analyzed ER import of the TRH mutants in transiently transfected cells. The cells were treated with low concentrations of digitonin (0.004% for 5 min on ice) to selectively disrupt the plasma membrane but leave the cellular organelles like the ER and trans-Golgi network intact (37).
After centrifugation, proteins present in the ER can be found in the pellet fraction, whereas cytosolic proteins remain in the supernatant (Fig. 5A) . The relative amount of the constructs MAY 17, 2013 • VOLUME 288 • NUMBER 20
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present in the cytosolic or ER fraction was then determined by Western blotting. Consistent with the finding that TRH⌬hor is efficiently secreted (Fig. 2A) , the construct was exclusively detected in the pellet (ER) fraction. However, a significant proportion of the construct lacking the prodomain was found in the cytosolic fraction (Fig. 5B) . To specifically address processing of the ER signal peptide, we deleted the signal peptide sequence to generate ⌬SP⅐TRH⌬hor and ⌬SP⅐TRH⌬pro. After transient expression in N2a cells, the constructs were analyzed by Western blotting. Migration of TRH⌬hor and ⌬SP⅐TRH⌬hor in SDS-PAGE was similar, indicating that the signal peptide of TRH⌬hor was efficiently processed upon 35 S]methionine in the presence (ϩ) or absence (Ϫ) of rough RM. Targeted nascent chains were pelleted by centrifugation over a sucrose cushion for 3 min at 50,000 ϫ g. In parallel, polysomes of translation reactions without microsomes were sedimented by centrifugation for 30 min at 50,000 ϫ g (total). Samples were analyzed by SDS-PAGE and autoradiography. Targeting efficiency was determined by quantifying the band intensities of the respective constructs in the ϩRM fraction (white asterisks) relative to the amount present in the total fraction (white dots). Data represent mean Ϯ S.E. (error bars) of at least three independent experiments. Targeting efficiency of the ⌬hor mutants was set as 1. ***, p Ͻ 0.0005; n.s., not significant. C, an intrinsically disordered protein is not imported into microsomes in vitro. Left panel, indicated constructs were translated in vitro using a rabbit reticulocyte lysate supplemented with L-[
35 S]methionine in the presence (ϩ) or absence (Ϫ) of RM. After translation, samples were treated with proteinase K (ϩPK) or left untreated (ϪPK) and analyzed by SDS-PAGE and autoradiography. Right panel, import into microsomes was determined by quantifying the ratio between the signal of the proteinase K-protected fraction (ϩRM, ϩPK) to the total protein signal in the presence of microsomes (ϩRM, ϪPK). The relative amount of proteinase K-resistant wild type somatostatin was set as 1. Data represent mean Ϯ S.E. (error bars) of at least three independent experiments. ***, p Ͻ 0.0005; n.s., not significant. The lower molecular smear (Ͻ7 kDa) present in the fractions treated with proteinase K (ϩPK) represents nonspecific degradation products that also appear after proteinase K digestion in the absence of microsomal membranes (data not shown).
␣-Helical Domains Promote ER Import expression in cells. However, the majority of TRH⌬pro appeared to be slightly larger than ⌬SP⅐TRH⌬pro, suggesting that the signal peptide was not removed from the mutant lacking the prodomain (Fig. 5C) .
When we used the same approach to analyze Som⌬pro, we were surprised to see that this mutant, which was not secreted from transiently transfected cells (Fig. 2B) and not imported into microsomal membranes in vitro (Fig. 3C) , was found in the pellet fraction similarly to wild type Som (data not shown). To investigate this finding in more detail, we performed an indirect immunofluorescence analysis of transiently transfected cells. As expected for secretory proteins, in cells expressing wild type Som, the protein was predominantly found in the Golgi complex (Fig. 5D) . As a marker for cytosolic localization, we included ⌬SP⅐Som, a mutant that is not imported into the ER because it lacks the N-terminal signal peptide. Unexpectedly, the immunofluorescence pattern of Som⌬pro was reminiscent of mitochondrial localization. Indeed, co-staining with MitoTracker Red CMXRos confirmed that Som⌬pro predominantly colocalizes with mitochondria (Fig. 5D) . The mitochondrial targeting of Som⌬pro explains why it is present in the pellet fraction of digitonin-solubilized cells because mitochondria remain intact under the conditions used and sediment after centrifugation similarly to the ER. Mitochondrial targeting mediated by the ER signal peptide of Som has been addressed in a recent study (57) . In sum, the combined in vitro and cell culture approaches support a model in which ␣-helical prodomains can specifically promote productive translocation of intrinsically disordered proteins into the ER lumen (Fig. 6 ).
DISCUSSION
In this study, we analyzed the role of prodomains in the biogenesis of different intrinsically disordered neuropeptide hormones. Using deletion mutagenesis and domain-swapping experiments, our in vitro and cell culture experiments revealed that the prodomain is required for a productive translocation of the hormone into the ER lumen. Notably, the activity of the prodomain to promote ER import is based on its propensity to adopt an ␣-helical conformation. ␣-Helical Domains Promote ER Import MAY 17, 2013 • VOLUME 288 • NUMBER 20
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Intrinsically Disordered Proteins Are Underrepresented in the Secretome-Natively unstructured or IDPs lack a stable secondary/tertiary structure under physiological conditions in vitro. Despite the absence of a well defined structure, IDPs fulfill a variety of physiological functions; moreover, it appears that some activities require the flexibility of disordered proteins (for reviews, see Refs. 27-32 and 58). To specifically concentrate on IDPs in the secretome, we used computational approaches to identify IDPs containing an N-terminal ER signal peptide. Our finding that only 10% of the secretory proteins are predicted to be intrinsically disordered whereas IDPs account for about 30% of the total proteome strongly suggests that IDPs are underrepresented in the secretome. So far, one can only speculate about the reasons underlying this phenomenon. It is conceivable that the physiological activities of secretory proteins or exposure to the extracellular environment favors stable secondary structures. Alternatively, expanded stretches of intrinsically disordered domains might be disadvantageous for proteins that are subjected to the complex folding and quality control pathways in the ER lumen (for reviews, see Refs. 59 -61). Specifically, failure to adopt a native conformation can prevent further trafficking of secretory and membrane proteins to the plasma membrane and result in retrograde transport to the cytosol where proteasomal degradation occurs (for reviews, see Refs. [62] [63] [64] . It is therefore possible that intrinsic disorder is mistaken for misfolding and that IDPs erroneously are subjected to the ER-associated degradation pathway. We observed that the non-secreted fraction of the IDPs is found in the cytosol, which FIGURE 6 . Putative model of the activity of ␣-helical domains in promoting productive ER import of secreted proteins. Nascent chains composed of ␣-helical (A) or intrinsically disordered domains (B) or both (C) are co-translationally targeted to the Sec61 translocon (1) . A, proteins dominated by ␣-helical domains translocate through the translocon (2) and are released into the ER lumen with a cleaved ER signal peptide (red) (3) . B, in contrast, intrinsically disordered proteins might partially translocate (2) but are finally released into the cytosol with an uncleaved signal peptide (3). C, ER import of intrinsically disordered proteins can be rescued by ␣-helical domains even if they are located at the C terminus. Cytosolic and translocon-associated proteins that are possibly involved in the different steps are not shown. Yellow, small ribosomal subunit; gray, large ribosomal subunit; green, tRNA; blue, translocon. The model is based on the experiments described in this study and previous work (19, 57) .
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might support such a scenario. However, cytosolic IDPs contained an uncleaved ER signal peptide, a feature that is not expected for the cytosolic fraction of ER-associated degradation substrates. Rather an uncleaved ER signal peptide would be indicative for an abortive ER import and/or an alternative preemptive, co-translocational quality control pathway that operates before translocation of the protein into the ER is completed (13, 14, 65) .
Prodomains Promote Productive ER Import of Intrinsically Disordered Neuropeptide Hormones-Prodomains are found in a variety of proteins. As a unifying feature, they are proteolytically removed during maturation and are not part of the physiologically active protein. Various functions have been described for prodomains, for example to facilitate folding and processing, to repress the enzymatic activity of the mature protein, and to promote trafficking. In addition, it was shown that the unprocessed propeptide or the liberated prodomain can have physiological activities different from that of the mature hormone (66 -74) .
Our study revealed a novel activity of prodomains: to promote ER import of neuropeptide hormones that are intrinsically disordered. The first hint for such an activity was the observation that deletion of the prodomains significantly interfered with secretion of the hormone. In contrast, mutants lacking the hormone domain were present in the conditioned medium of transiently transfected cells. Notably, a similar finding was described previously for TRH constructs lacking the prodomain (75) .
Some of the constructs lacking the prodomain are rather short, raising the possibility that impaired secretion is linked to the reduced length of the polypeptide chain. To address this question, we performed domain-swapping experiments to generate constructs that are of similar length but of different structure. Specifically, we analyzed constructs that are either entirely unstructured or contain an ␣-helical domain in addition to the unstructured hormone domain. This analysis revealed two important findings. First, impaired secretion of the ⌬pro constructs can be restored by heterologous domains provided that they have the propensity to adopt an ␣-helical conformation. Second, increasing the length of an IDP is not sufficient to restore its secretion at least in the size range tested (335 aa for TRH⌬pro3 IDD-PrP). Similarly, ER import of IDPs is not significantly promoted by more efficient ER signal peptides (19) . Because all chimeric constructs were efficiently secreted as unprocessed propeptides, it appears that secretion of the hormone domain is not dependent on processing of the propeptide.
Our experimental approaches clearly demonstrate that secretion of different intrinsically disordered neuropeptide hormones is critically dependent on ␣-helical prodomains. However, these findings do not imply that this is their only physiological function. For example, the prodomain of somatostatin itself comprises another peptide hormone named neuronostatin, which regulates different neuronal functions (66) . Similarly, part of the prodomain of GnRH known as GnRHassociated peptide is present in GnRH-containing secretory granules and inhibits prolactin secretion (51) .
Intrinsically Disordered Proteins Are Not Translocated into the ER-Another important aspect of this study was to define which step between translation and secretion is impaired in the absence of ␣-helical prodomains. In transiently transfected cells, the non-secreted fraction of the proteins expressed without a prodomain was found in the cytosol. Different scenarios are plausible to explain such a finding. First, targeting of the ribosome-nascent chain complex to the Sec61 translocon might be impaired. Our in vitro targeting assays revealed that the ⌬pro and ⌬hor constructs were co-translationally targeted to ER membranes with similar efficiencies, arguing against this possibility. Second, after targeting to the Sec61 translocon, translocation into the ER lumen might be aborted so that the protein is finally released into the cytosol. One marker for such a pathway is an uncleaved ER signal peptide. Cleavage of the ER signal peptide normally occurs during import before the protein is fully translocated into the ER lumen. Indeed, the results obtained with our in vitro and cell culture assays are indicative of an abortive ER import. In vitro, Som⌬pro, which was cotranslationally targeted to microsomal membranes, was not imported into the microsomes and contained an unprocessed ER signal peptide. Similarly, in transiently transfected cells, TRH⌬pro and Som⌬pro were present in the cytosol with an uncleaved ER signal peptide. Remarkably, the non-translocated fraction of Som⌬pro was forwarded to mitochondria. A detailed analysis of the activity of the ER signal peptide of Som to mediate mitochondrial targeting is described elsewhere (57) . Third, secretory proteins could be found in the cytosol after they had been subjected to the ER-associated degradation pathway. In this pathway, the protein is completely translocated into the ER lumen before it is subjected to quality control mechanisms and retrogradely transported to the cytosol. As mentioned above, the non-secreted fraction of the IDPs in the cytosol contained an uncleaved signal peptide, suggesting that this fraction was never completely released into the ER lumen.
On the basis of these findings, we suggest a model in which the productive translocation of IDPs through the Sec61 translocon is impaired (Fig. 6 ). This concept does not rule out that a part of the chain is transiently exposed to the luminal side or interacts with proteins in the ER lumen. For example, overexpression of p58 IPK significantly impairs ER import of proteins dominated by IDDs (19) . p58
IPK is an Hsp70 co-chaperone present predominantly in the ER lumen. Because p58 IPK can interact with both the nascent chain and BiP (65, 76) , such interactions could impair productive translocation of IDPs into the ER lumen. Other translocon-associated proteins, such as Sec63 or Sec62, might be involved in such a pathway as well.
Finally, it appears plausible that ␣-helical structures have an intrinsic activity to promote the translocation process, for example via interactions with the inner side of the translocation pore and/or with translocon-associated proteins or just by supporting the linear force of the translating ribosome. In this view, IDPs are not actively expelled but are rather too "weak" to enter the ER lumen.
Our study emphasizes the notion that structural features of the protein can significantly modulate ER import efficiency. It will now be of interest to uncover how this feature is used by the
